during lactate oxidation.
In environmental settings, Fe(III) reduction is inevitably carried out by multiple populations of microorganisms. While methods available for analyzing microbial consortia are expanding, nearly all cultivation-based studies of microbial metal reduction have been performed in pure culture. Geobacter spp. have been grown in co-cultures with electron acceptors other than Fe(III), including co-cultures of G. sulfurreducens and Geobacter metallireducens (Kaden, Galushko, & Schink, 2002; Kato, Hashimoto, & Watanabe, 2012; Rotaru et al., 2012; Rotaru, Shrestha, Liu, Markovaite et al., 2014; Shrestha, Rotaru, Aklujkar et al., 2013; Smith, Nevin, & Lovley, 2015; Summers et al., 2010) . Various mechanisms for interspecies electron transfer (IET) have been documented in these studies, including a soluble electron shuttle (Kaden et al., 2002; Smith et al., 2015) , metabolic end-products such as hydrogen or formate (Rotaru et al., 2012) , and conductive minerals (Kato et al., 2012) . Furthermore, direct interspecies electron transfer (DIET) has been identified in co-cultures where G. metallireducens donates electrons to either G. sulfurreducens or a methanogen (Rotaru, Shrestha, Liu, Markovaite et al., 2014; Shrestha, Rotaru, Aklujkar et al., 2013; Summers et al., 2010) .
The type IV pili were shown to be essential for DIET, as knocking out the gene for the structural pilin subunit PilA from G. metallireducens or G. sulfurreducens prevented co-culture growth (Rotaru, Shrestha, Liu, Markovaite et al., 2014; Summers et al., 2010) . MHCs were also shown to be important for DIET, namely OmcS, the MHC localized to the pili of Geobacter (Leang, Qian, Mester, & Lovley, 2010; Shrestha, Rotaru, Aklujkar et al., 2013; Summers et al., 2010) . None of these studies, however, analyzed Fe(III)-reducing conditions.
In this study, we established co-cultures of D. reducens and G. sulfurreducens. These organisms are phylogenetically distinct Fe(III)-reducing bacteria that are sequenced representatives of environmentally abundant genera. Desulfotomaculum spp. and related Firmicutes have been found to co-occur with Geobacter spp. in subsurface environments where metal reduction has been studied (e.g., Rifle, CO and Oak Ridge, TN) (Cardenas et al., 2010; Chandler et al., 2006; Zhang et al., 2015) . In the pyruvate-fed co-cultures, G. sulfurreducens was only able to reduce Fe(III) by utilizing products of pyruvate oxidation by D. reducens (i.e., acetate, hydrogen) as electron donor. This is reminiscent of trophic interactions likely occurring in the environment, where fermenters and incomplete oxidizers provide fermentation acids (e.g., acetate) as well as hydrogen for use by Fe(III) reducers like Geobacter (Lovley, Holmes, & Nevin, 2004) .
Following physiological analyses of D. reducens-G. sulfurreducens
co-cultures, comparative proteomic analysis was performed to gain further biological insight into the consortium. We also implemented targeted quantification of biomarker peptides using assays created 
| E XPERIMENTAL PROCEDURE S

| Cultivation conditions
Desulfotomaculum reducens MI-1 was purchased from the ATCC (American Type Culture Collection) and Geobacter sulfurreducens PCA was purchased from the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen). In order to establish a coculture with these organisms, a modified Widdel-based medium was created. For soluble Fe(III)-citrate media, ferric citrate (Santa Cruz Biotechnology, Inc.) was added at a concentration of either 20 or 30 mm to de-ionized H 2 O, boiled until solubilized, and brought up to pH 6 with 10 N NaOH. Once the medium had cooled to room temperature, the following ingredients were added per liter: 0.3 g KH 2 PO 4 , 0.5 g NH 4 Cl, 1 g NaCl, 0.4 g MgCl 2 × 6H 2 O, 0.1 g CaCl 2 × 2H 2 O, and 0.1 g KCl. 2.5 g NaHCO 3 was added for a final pH of 7.0 (Klemps, Cypionka, Widdel, & Pfennig, 1985) . Trace mineral solution (Wolfe's mineral solution, recipe from the ATCC) was added prior to autoclaving. The medium was aliquoted into either 160 ml serum bottles (100 ml culture with 60 ml headspace) or 1 L bottles with equivalent culture volume to headspace ratios, bubbled with 80/20 vol/vol N 2 /CO 2 , and then autoclaved. Twenty millimolar pyruvate (from a filter sterilized, anaerobic stock) was added as electron donor for co-cultures and D. reducens pure cultures after autoclaving, while 20 mm acetate and 7.5 mm hydrogen gas was added as electron donor for G. sulfurreducens pure cultures. Vitamins (1 ml/L, Wolfe's vitamin solution, recipe from the ATCC) and a yeast extract solution containing 1,4-piperazinediethane sulfonic acid disodium salt monohydrate (PIPES) and yeast extract (filter sterilized and anaerobic) were added after autoclaving in order to achieve a final concentration of 20 mm PIPES and 0.05 g/L yeast extract in the medium.
The concentration of yeast extract was reduced 10-fold from what has been used in previous D. reducens studies in order to create a more defined growth medium. As a reported fastidious organism, D. reducens requires yeast extract, but we found that the reduction (0.5-0.05 g/L) did not significantly reduce rates of Fe(III) reduction or growth (Junier et al., 2010 A similar Fe(III) reduction phenotype was observed with either inoculation scheme. Cultures were incubated at 30°C. Duplicate cocultures and pure cultures were harvested for proteomic analyses by centrifugation at various time points (Figure 3) , including a mid-late exponential time point for all cultures. Cell pellets were stored at −80°C until proteins were extracted for proteomics.
| Analytical techniques
Cell counts were performed for pure and co-cultures throughout growth using acridine orange staining and fluorescent microscopy in order to approximate cell concentration. Specifically, 1 μl of acridine orange (10 mg/ml solution; Thermo Fisher Scientific) was added to 500 μl of culture and shaken in the dark for 30 min. Ten μl of stained cells were loaded onto a slide, and counts were performed in 10 separate frames and averaged in order to approximate cells/ ml. G. sulfurreducens cells are substantially smaller than D. reducens cells (2-3 × 0.5 vs. 5-10 × 0.8-1.0 μm) (Caccavo et al., 1994; Tebo & Obraztsova, 1998) and are therefore distinguishable by microscopy (Supporting Information Figure S4a -c). Once precipitates formed in co-cultures, G. sulfurreducens cells mainly associated with the precipitates, impeding accurate cell counts (Supporting Information Figures S4d and 5b) . The ferrozine assay was used to measure accumulation of Fe(II) (Lovley & Phillips, 1987) . Hydrogen was quantified using a gas chromatography (GC) instrument equipped with a thermal conductivity detector (TCD) as previously described (Rowe, Heavner, Mansfeldt, Werner, & Richardson, 2012 PeakSimPle software v4.44 (Schemback, Germany). Phase analysis of microbially formed precipitates was performed by powder X-ray diffraction (pXRD) using a Scintag XDS2000 diffractometer (ThermoARL, USA) with a CuKα radiation operating at 40 kV and 40 mA with a scan rate of 3 degrees/min. The pXRD was performed on a wet slurry of the precipitate spread onto a zero-background quartz sample holder.
| Global proteomics data generation (accurate mass and time tag analysis)
Proteins were extracted from harvested cells and digested according to previously established protocols (Otwell et al., 2016) . From each digest, 100 μg of peptides from biological replicates were pooled and then separated using C18 reverse phase high pH fractionation according to previously published protocols (Wang et al., 2011 reversed phase) . Ninety-six fractions were collected from each pooled sample, dried overnight in a SpeedVac, and suspended in 100 μl of 50% methanol. Fractions were combined, resulting in 12 fractions for each culture replicate. The combined fractions were concentrated to dryness then suspended in nanopure water to achieve a final concentration of 0.1 μg/μl. In addition, peptides from the unfractionated samples were transferred to MicroSolv ALS vials and diluted with nanopure water to a final concentration of 0.1 μg/μl.
Mass spectra for fractionated and unfractionated peptide samples were generated using an Agilent LC system (Agilent Technologies, Santa Clara, CA, USA) coupled to a hybrid ion trap Orbitrap Velos mass spectrometer (Thermo Scientific, San Jose, CA, USA) equipped with an ion funnel and electrospray ionization (nano-ESI) interface. Seven μg from each peptide sample (36 peptide fractionated samples and 30 unfractionated samples) was injected into the instrument. All peptide samples were randomized and blocked prior to measurements made by the mass spectrometer. HPLC operating conditions have been previously published (Baker et al., 2014; Robidart et al., 2013; Sowell et al., 2008) . In brief, peptides were separated under constant flow (0.4 μl/min; 60 cm long column with an o.d. of 360 μm, i.d. of 75 μm, and 3-μm C 18 packing material) using a 100-min linear gradient consisting of mobile phase A, 0.1% formic acid in water, and mobile phase B comprised of 0.1% formic acid in acetonitrile. Mobile phase B increased from 0% to 60% until the final 2 min of the run when B was purged at 95%. Orbitrap spectra were collected from 400 to 2,000 m/z at a resolution of 60K followed by data-dependent ion trap tandem mass (MS/MS) spectra generation of the 10 most abundant ions using 35% collision energy (CID). Additional mass spectrometer operating conditions have been previously described (Robidart et al., 2013; Sowell et al., 2008) .
Peptide sequences were assigned to tandem mass spectra using the MSGF search algorithm (Kim, Gupta, & Pevzner, 2008 from ion intensities (ion current) measured across instrument scans, was used to represent the arbitrary abundances of peptides (Lipton et al., 2002; Sowell et al., 2008) . The dataset of peptides along with their label free abundances were filtered to achieve a false discovery rate of ≤5% according to established protocols (Stanley et al., 2011) .
Abundances of peptides were log 2 transformed and those abundances associated for each organism within co-cultures were separated and normalized to a common central tendency (mean) (Callister et al., 2006) to account for systematic differences in biomass when comparing each co-culture organism to their pure culture growth condition (Supporting Information Figure S5 
| Selection of proteotypic peptides
Previously characterized metal reductases were identified and selected as potential biomarkers for which to design and synthesize isotopically labeled peptides. Proteotypic peptides were mainly selected from unique peptides previously detected in shotgun proteomic data generated from cultures of D. reducens and G. sulfurreducens (Otwell et al., 2016 and unpublished data) . Established selection criteria for biomarker peptide sequences were followed, including length ranges, correct tryptic cleavage site, and avoidance of problematic amino acid residues (Lange, Picotti, Domon, & Aebersold, 2008) . Grade 3 (maximum assurance) isotopically labeled synthetic peptides were ordered from Pierce (Thermo Fischer Scientific).
| Assay development using stable isotopelabeled synthetic peptides
The stable isotope-labeled synthetic peptides were diluted to 25 ng/ ml (assuming 50% of manufacturer's stated yield) with 20% methanol/0.2% glacial acetic acid in Milli-Q water and infused at 5 μl/min into an AB/Sciex 4000 Q Trap mass spectrometer fitted with the 
| Final MRM assays
Ten microlitre of each cell culture digest, equivalent to 18 μg, was dried and reconstituted in 90 μl of the heavy, synthetic peptide internal standard pool. Five microlitre, equivalent to 1 μg, was injected for MRM data acquisition. A 60-min gradient was used following 10-min trapping, and a single MRM method was used for all transitions (25 ms dwell time for each transition pair and 3.24-s cycle time). The raw MRM data were acquired using Analyst version 1.6.1 (AB/Sciex) and processed using MultiQuant version 2.1.1 (AB/Sciex). Figure S1b) . Furthermore, the sulfate concentration in the medium was kept quite low (0.159 mm), as the only sulfur source was sulfate-containing compounds in the trace mineral solution. Finally, the presence of sulfide was not detected by smell during the HCl extraction step prior to Fe(II) quantification using the Ferrozine assay, further supporting the lack of FeS precipitate formation. Altogether, our data suggest that vivianite is the major phase present in the black precipitates observed in co-cultures and D. reducens pure cultures. 
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| Proteome of G. sulfurreducens in co-culture vs. pure culture: significant increase in MHCs and type IV pili proteins
The percentage of predicted proteins identified and the average peptide ion intensities for co-culture and pure culture proteomes are displayed in Table 1 . To compare the G. sulfurreducens proteome in co-culture and pure culture, the first co-culture time point (CoT1) was mainly analyzed because by the CoT2, G. sulfurreducens cells were no longer growing exponentially (Figures 3 and 5b) . Similar proteomic coverage of G. sulfurreducens pure cultures and CoT1 cultures was observed, as 36.4% and 28.4% of the 3,430 predicted proteins were detected, respectively. G. sulfurreducens proteins significantly increased or decreased (≥1 log 2 fold change, p < 0.05) in the coculture proteome relative to the pure culture are listed in Supporting Information Table S2a , and G. sulfurreducens proteins exclusively identified in the co-culture or pure culture proteomes are listed in Supporting Information Table S2b ,c, respectively.
The most notable finding from the comparison of G. sulfurreducens pure and co-culture proteomes is that multiple c-type cytochromes and proteins involved in the type IV pili were significantly increased in abundance during co-culture growth. A complete list of c-type cytochromes and type IV pili proteins increased in abundance in the co-culture proteome (p < 0.05) is displayed in Table 2 . Several proteins in this table have been associated with metal reduction by G. sulfurreducens in previous studies, including GSU0466, GSU1024, GSU1334, GSU1496, GSU1996 and GSU2801 (Orellana et al., 2014; Reguera et al., 2005; Santos, Silva, Morgado, Dantas, & Salgueiro, 2015; Shelobolina et al., 2007) . The MHC with the largest increase in abundance was PccJ (GSU2494), a periplasmic protein with 16 heme-binding sites. PccJ F I G U R E 5 Growth curves for Desulfotomaculum reducens-Geobacter sulfurreducens co-cultures and pure cultures harvested for proteomic analyses. Growth curves for D. reducens cells in pure and co-cultures are displayed in (a), whereas G. sulfurreducens growth curves are displayed in (b). Inoculum levels were 2.3E+6 cells/ml for D. reducens and 1.7E+6 for G. sulfurreducens in all cultures, and fluorescent microscopy was used for cell counting to calculate approximate cell concentrations in cells/ml. G. sulfurreducens triplicates are displayed separately due to inconsistent lag phases. G. sulfurreducens cells were mainly localized to Fe(II)-precipitates in co-cultures at the 60-and 72-hr time points (Supporting Information Figure S4d ), preventing accurate microscopic counts. After 72 hr, D. reducens also started to associate with the Fe(II)-precipitates, and D. reducens cell counts were discontinued after 96 hr in co-cultures. Error bars represent standard deviation across biological replicates, which varies in number due to harvesting time points (see Figure 3) . For co-cultures, five biological replicates are averaged for time points between 0 and 48 hr, three biological replicates are averaged between 48 and 72 hr, and a single culture is monitored after 72 hr. For D. reducens pure cultures, five biological replicates are averaged for time points between 0 and 167 hr and three biological replicates are averaged after 167 hr. Co: co-culture; DR: D. reducens; GS': G. sulfurreducens [Colour figure can be viewed at wileyonlinelibrary.com] was increased in the co-culture proteome >30-fold (4.95 log 2 fold increase, p < 0.01) relative to the pure culture. PccJ has been previously associated with extracellular electron transfer in multiple studies Butler, Young, Aklujkar, & Lovley, 2012; Holmes et al., 2006) . Two proteins encoded in the same predicted operon (GSU2495-6) were also increased in abundance in the co-culture proteome. GSU2495 is a MHC, while GSU2496 is a hypothetical protein (Table 2a) . Another MHC increased >twofold in the co-culture proteome relative to the pure culture was OmcC (GSU2731), an outer membrane protein with 12 heme groups (1.13 log 2 fold increase, p < 0.01, Table 2a ). This protein is encoded in a gene cluster adjacent to the well-characterized Fe(III) reductase This MHC was detected with 25 distinct peptides in the co-culture proteome but not identified in the G. sulfurreducens pure culture.
In the G. sulfurreducens pure culture proteome, where more total proteins were identified and over three times as many proteins were significantly increased, only two c-type cytochromes were significantly increased in abundance (GSU0594 and GSU2513).
Proteomic information for all c-type cytochromes identified in this study is displayed in Supporting Information Table S4 . This includes multiple characterized MHCs predicted to be involved in extracellular electron transfer in G. sulfurreducens (including PpcA, OmcB, OmcS, and OmcZ), which were found to not be differentially abundant in co-cultures and pure cultures based on shotgun proteomic analysis.
The core structural protein of the type IV pilus (PilA, GSU1496) was increased 6.3-fold (2.64 log 2 fold increase, p < 0.01) in the coculture compared to the pure culture proteome (Table 2b ). GSU1497, a hypothetical protein that has been predicted to encode for a head TA B L E 1 Global analyses of proteomic data generated for Desulfotomaculum reducens-Geobacter sulfurreducens co-culture and pure culture proteomes. Analyses are displayed for each condition (a), and comparisons are made between conditions (b) Notes. Protein identification is based on detection of at least two distinct peptides in a biological replicate and peptide detection in at least 50% of replicates. Significance is defined as ≥1 log 2 fold change in abundance (p < 0.05). Where relevant, the standard deviation is displayed in parentheses. T1 and T2: first and second time points; Co: co-culture; DR: D. reducens; GS: G. sulfurreducens.
TA B L E 2
Geobacter sulfurreducens c-type cytochromes increased in abundance or exclusively identified in co-cultures (a) and G. sulfurreducens type IV pili-related proteins increased in abundance in co-cultures (b) domain missing from PilA but found in most type IV pilins, was also increased ~2.4-fold (1.26 log 2 fold increase, p < 0.01) in the coculture proteome (Bonanni, Massazza, & Busalmen, 2013) . Four additional pili-related proteins were identified from a predicted operon involved in type IV pilus biogenesis, including PilQ, PilM, PilW, and PilY (GSU2028, GSU2032, GSU2035, and GSU2038, respectively).
All of these proteins were increased in abundance in the co-culture proteome compared with the pure culture proteome, three of which were significantly increased (Table 2b ). (Table 1) . Furthermore, housekeeping genes were decreased in abundance in the G. sulfurreducens coculture relative to the pure culture. This includes RNA polymerase proteins (RpoA-D, RpoZ), which were decreased ~1.6-fold in the co-culture proteome (0.69 log 2 fold increase, p < 0.01). Ribosomal proteins were also consistently decreased in the co-culture proteome (0.26 log 2 fold decrease on average relative to pure cultures), and seven of these proteins are included in the significantly decreased table (Supporting Information Table S2a ). Altogether, these global proteomic decreases observed for the G. sulfurreducens co-culture make the significant increase in c-type cytochromes and type IV pili proteins in the co-culture proteome even more striking. 
in D. reducens-G. sulfurreducens co-cultures .
Another important note is that while G. sulfurreducens cannot use pyruvate as an electron donor, the organism has been reported to utilize pyruvate as a carbon source in the presence of hydrogen (Segura et al., 2008) . If G. sulfurreducens was using pyruvate as a major source of carbon during co-culture growth in the current study, proteins involved in the conversion of acetate to pyruvate would be expected to be decreased in co-cultures relative to pure cultures, as G. sulfurreducens relied upon acetate for both its carbon source and electron donor in the pure culture condition. In other words, G. sulfurreducens would be expected to down-regulate proteins involved in the conversion of acetate to pyruvate if it was instead using pyruvate directly as a carbon source during co-culture growth. However, comparing abundance ratios for all known proteins involved in the conversion of acetate to pyruvate in G. sulfurreducens (GSU0097:
pyruvate-ferredoxin oxidoreductase, GSU2706: phosphotransacetylase, GSU0490: acetyl-CoA transferase, GSU0174: acetylCoA transferase) showed no significant differences between the pure culture and co-culture proteomes (Segura et al., 2008) . identified, whereas on sulfate-reducing conditions, nearly twice as many proteins were identified (31.9% coverage) (Otwell et al., 2016) . D. reducens proteins significantly increased or decreased (≥1 log 2 fold change, p < 0.05) in the co-culture proteome relative to the pure culture are displayed in Supporting Information Figure 4a ), comparisons between the CoT2 and DRT1 proteomes are also noted in these tables.
The group of proteins most notably increased in the D. reducens co-culture proteome (CoT1) compared with the pure culture proteome were ribosomal proteins, increased 4.5-fold (2.7 log 2 fold increase, p = 0.03) on average. Forty-one of these ribosomal proteins were significantly increased proteins (Supporting Information Table S3a ). Ribosomal proteins were also increased on average 2.7-fold in the CoT2 proteome relative to DRT1 (1.43 log 2 fold increase, Table S1 ).
Based on the increase in ribosomal protein abundance and growth rate, it seems likely that proteins involved in central metabolic pathways (e.g., carbon metabolism) would also be in- This includes Dred_1485, Dred_1812, Dred_2757, Dred_2840 (a hypothetical protein that is a predicted ABC transporter, substrate binding protein), and Dred_2911 (Supporting Information Table S3b ). In contrast, a single transporter is unique to the pure culture condition (Dred_0319), but it is annotated as an efflux protein. has not been implemented in the study of most environmental processes, including metal reduction (Arsène-Ploetze et al., 2015; Werner, Ptak, Rahm, Zhang, & Richardson, 2009 One of the biomarkers selected for G. sulfurreducens was the MHC OmcS, which is primarily localized to the pili and involved in extracellular electron transfer Qian et al., 2011) . Transcript abundance for OmcS was significantly higher in co-cultures performing DIET compared to non-DIET performing co-cultures . OmcS was not one of the MHCs significantly increased in abundance during co-culture growth as determined by shotgun proteomic analysis (Table 2a, Supporting Information Table   S4 ). However, MRM assays showed a >twofold average increase of OmcS peptide biomarkers in CoT1 compared to the G. sulfurreducens pure culture (1.32 log 2 fold average increase, Table 3 ). Due to this discrepancy, manual analysis of raw peptide data from AMT tag-based shotgun proteomic data was performed. Eleven distinct peptides were identified for OmcS in the co-culture, while only five were identified in the pure culture. When ion intensities of the same peptides were averaged and compared (log 2 co-culture vs. log 2 pure culture), the AMT tag data supports the MRM data. For each of the five OmcS peptides common to both conditions, average ion intensity was significantly increased in the co-culture (1.1, 2.0, 2.3, 1.3, and 1.9 log 2 fold increased, respectively) (Supporting Information Table S6 ). Notes. For MRM ratios, peak areas of transition ions identified in samples are normalized to peak areas of corresponding isotopically labeled internal standards. Peak areas from three transition ions per peptide were averaged across biological duplicates. AMT tag values are displayed as log 2 ratios of peptide ion intensity (averaged across biological duplicates and technical triplicates). Standard deviations are displayed in parentheses. ND: not detected on either condition being compared. If the peptide was detected on only one of the conditions, this is designated. All biomarker peptides were detected using MRM assays, but several were not detected in the same samples analyzed with AMT tag analysis. 
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